Introduction
Cutaneous T-cell lymphoma (CTCL) is a skin malignancy with significant mortality in advanced disease (27% 5-year survival). 1 Mycosis fungoides (MF), the most common form of CTCL, classically presents as patches and plaques on the skin with disease progression leading to skin tumors, and lymph node, blood, and visceral involvement. The etiology of MF is unknown, but is thought to include chronic antigenic stimulation through viral/bacterial exposure, 2, 3 environmental exposures, 4 and altered microRNA (miRNA) expression. 5, 6 A variety of genetic aberrations have been identified in MF. Specifically, mutations in the tumor suppressor p53 (TP53) were detected in 24% of tumor-stage MF, but less often in earlier-stage MF.
7 TP53 mutations commonly demonstrate an UV B signature, with C-T transitions, suggesting UV-based therapy of early-stage disease may contribute to these mutations. 7 Loss of other tumor suppressor genes, including CDKN2A and CDKN2B, 8, 9 and increased expression of NAV3, JUNB, and c-MYC, as well as hypermethylation of mismatch repair genes, are reported. 9 MF has not been associated with a specific translocation. However, MF can have chromosomal gains and losses, with the most common being gains within chromosome 7 and losses within chromosomes 1, 10, and 17. [10] [11] [12] It is unclear whether any of the alterations reported have a role in the development of MF. The Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathways, integral to interleukin-2 (IL-2) signaling and cellular proliferation, can be deregulated in MF and CTCL, including increased and constitutive phosphorylation of STAT3 and STAT5. [13] [14] [15] Activating mutations were identified in natural killer (NK)/T-cell malignancies 16 and adult T-cell leukemia/lymphoma (ATLL). 17 Additionally, an activating JAK3 mutation (A572V) was identified in 1 of 10 MF patient samples. 18 High-throughput sequencing has identified novel genetic variants in many malignancies, including B-and T-cell lymphomas. 19, 20 Because driver mutations in MF remain unidentified, we performed whole-genome sequencing (WGS) of MF tumor samples with matched normal skin controls, targeted deep sequencing of MF tumors, and exome sequencing of CTCL cell lines to identify mutations and altered pathways integral to MF development. Our results reveal mutations in cytokine and epigenetic regulation pathways that were common to MF tumors and CTCL lines, providing insight into MF. Our data significantly advance understanding into the genetic alterations in this malignancy and provide new avenues for treatment.
Methods Tissue procurement
Five patients with active tumor-stage MF underwent informed consent for participation in this study. Punch biopsies were obtained from a single MF tumor (tumor content $80%) and from clinically uninvolved skin (detailed in supplemental Methods, see supplemental Data, available on the Blood Web site). For 1 patient, an additional biopsy was obtained from a separate tumor, and the tumor cells cultured (without a matrix) as previously described. 21 Additionally, frozen, banked skin biopsies from 25 MF patients were retrospectively identified. All samples were obtained under an institutional review board-approved protocol (IRB# 111143).
WGS, exome, and Sanger sequencing/analysis
Genomic DNA from tissue was isolated using standard methods (details in supplemental Methods). Paired-end sequencing (PE-75) of genomic DNA from MF tumor and matched normal skin was performed (Illumina Genome Analyzer IIx). Reads were aligned to the human reference genome (hg19) using the BurrowsWheeler Aligner (BWA), 22 followed by realignment and recalibration of the initial alignment using the Genome Analysis Toolkit (GATK). 23 Somatic variants were detected using VarScan2 24 and Strelka 25 (additional details in supplemental Methods). The detected variants by either tool were pooled for follow-up analysis. Candidate somatic variant calls were inspected using Integrated Genomics Viewer (IGV). Copy-number variations were detected by Control-FREE copy number and allelic content caller (control-FREEC). 26, 27 The Clipping Reveals Structure (CREST) tool was used to detect gross structural variations (ie, translocations). 28 For validation, polymerase chain reaction (PCR) amplification of selected somatic single nucleotide variants (SNVs) and indels followed by Sanger sequencing was performed. Primer sequences are available upon request.
For exome sequencing, genomic DNA from CTCL cell lines was subjected to Exome capture (NimbleGen v3, 6Gb, Illumina HiSeq platform, PE-100). Reads were mapped as described in the previous paragraph followed by local realignment, score recalibration, and marking duplicate reads. Variants were called using the function "mpileup2cns" implemented in VarScan2 (additional details in supplemental Methods). 24 Variant annotations were based on ANNOVAR.
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Targeted ultra-deep sequencing and analysis
For targeted ultra-deep sequencing for JAK3, NOTCH2, and TP53, the Illumina MiSeq platform was used. After samples were library-prepped and run on the MiSeq, reads were mapped to hg19 using BWA, 22 and realigned using GATK. 23 Variants were called using SAMtools and BCFtools (additional details in supplemental Methods).
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UV signature analysis
We calculated the proportion of samples with dinucleotide mutations (dinucleotide polymorphism [DNP] ) and those specifically with CC→TT mutations in MF tumors and 8 cancer types from which we previously collected somatic mutation data from large-scale next-generation sequencing projects. 31 We next combined the SNV data from our 5 MF samples with those from 121 melanoma patients. For each SNV, we collected its context sequence (one nucleotide 59 and one 39) to evaluate trinucleotide substitutions. We then applied the nonnegative matrix factorization (NMF) method to detect mutation signatures. 31, 32 Cell death analysis Equal numbers of CTCL cells were placed in 96-well plates (quadruplicate), and viability following treatment with 1 to 500 nM tofacitinib (Selleckchem) determined by MTS (3-(4,5 dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl-2-(4-sulfophenyl)-2H-tetrazolium) assay (Promega). For details on cell lines and calculations for survival curves, see supplemental Methods.
Western blotting
Whole-cell protein lysates were extracted with radioimmunoprecipitation assay (RIPA) buffer 48 hours after dimethylsulfoxide (DMSO) or tofacitinib treatment, and western blotted, as previously described. 33 Antibodies against phospho-JAK3 (Santa Cruz Biotechnology), JAK3 (Cell Signaling), STAT3 (Thermo Scientific), phospho-STAT5 (Cell Signaling), STAT5 (Cell Signaling), and a-Tubulin (Sigma-Aldrich) were used.
Results
WGS of MF tumors revealed a spectrum of somatic genomic variants
To identify somatic genomic variants associated with MF, we performed WGS of tumor and matched uninvolved skin from 5 patients with tumor-stage MF (patient characteristics in Table 1 ). The mean depth of coverage for the WGS ranged from 32 to 44 for all samples (supplemental Table 1 ). WGS revealed an average of 27 602 (12 106-70 110) somatic SNVs and small insertions/deletions (indels), and an average of 102 (17-297) nonsynonymous or stop-gain exonic SNVs and indels across the 5 tumor samples (supplemental Tables 2-4). Indels in protein coding regions were infrequent (supplemental Tables 2 and 4) . Using CREST analysis, 1 to 3 interchromosomal translocations were identified in tumors from patients 2, 3, and 5 (supplemental Table 5 , supplemental Figure 1 ). Tumors in patients 1 and 4 had more translocations with 60 and 14, respectively. No translocations were similar between patients and were not further investigated.
The mutations identified were distributed without notable hotspots across the chromosomes ( Figure 1A) , and most mutations were novel (not known single nucleotide polymorphisms [SNPs] in dbSNP or in the 1000 Genome Project; supplemental Tables 3-4; supplemental Figures 1-2 ). Similar profiles of somatic mutation types were detected in the tumors, with intergenic and intronic mutations accounting for the vast majority of mutations ( Figure 1B ). There was variability in a small percentage of splicing and stop-gain mutations between samples. The mutation frequency in the 5 MF tumors was 5 to 26 per Mb with a mean of 12 mutations per Mb per tumor (supplemental Table 6 ), which is similar to the mutation frequency in lung cancers and melanoma. 34 Sanger sequencing was performed on 92 SNVs and 5 indels to assess the accuracy of the WGS analysis. The SNVs and indels chosen included a random sampling and those with high oncogenic potential. We validated 90% of the alterations (supplemental Figure 3) , and those that validated had a range of quality score and depth of coverage.
UV signature in mutations from MF tumors
Because MF is a hematologic disease of the skin, we sought to determine whether the types of mutations identified by WGS were consistent with those caused by UV radiation. Evaluating all variants identified within the 5 MF tumors, transition (C-T or G-A) mutations were commonly observed, accounting for 40% to 65% of SNVs. Two tumors (patients 3 and 4) also had an increased frequency of A-G or T-C transitions (;20%; Figure 2A ). An examination of the dinucleotide variations (DNP) in MF samples compared with other cancers showed MF had a very high proportion of DNPs ( Figure 2B , supplemental Table 7 ). A hallmark of UV-induced mutations are transition mutations at dipyrimidines that are CC. Notably, CC DNPs in MF tumors were at a similar high proportion as those in melanoma, a malignancy known to have a UV component, and significantly higher than in other cancers ( Figure 2B ). Similar results were obtained when the number or the proportion of CC:GG to TT:AA mutations was evaluated ( Figure 2B , BLOOD, 23 JULY 2015 x VOLUME 126, NUMBER 4
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Evaluating the mutation signatures in MF and melanoma with NMF analysis, 31, 32 we observed 4 distinct mutation signatures, including 3 consistent with UV exposure (signatures 2, 3, and 4; Figure 2C ). The high bars in each signature indicate characteristic mutation types in their trinucleotide context ( Figure 2C ). Signature 1 is unique to MF. We next assessed the mutation profile in individual MF and melanoma tumors for each signature. The magnitude of each signature as a component of the overall mutation load in each sample shows that the UV-related signatures are a factor in all 5 MF samples ( Figure 2D ). Specifically, for signature 2, MF tumors from patients 1 and 5 showed high coefficients, indicating that this UV-related signature significantly contributes to their mutation profiles ( Figure 2D ). There were moderate coefficients for patients 1 and 4 for signature 3 and patients 2 to 4 for signature 4. Although these analyses may be limited by sample number, the data suggest UV may be contributing to MF.
Mutations identified in common pathways
In the subset of genes containing exonic mutations, those likely to have a role in oncogenesis were identified. Pathway analysis of the nonsynonymous, exonic SNVs and indels revealed a diverse set of biological processes affected ( Figure 3A) . 35 Within the 5 patients, there were 42 genes implicated in other malignancies, through gain of function (oncogenes), loss of function (tumor suppressor), or aberrant expression ( Figure 3B ). Of note, 41% of these mutations were C to T transitions, further supporting a role for UV in MF. Five of the 42 genes had mutations in 2 of the MF tumor samples: NCOR1, FAT3, CLUAP1, BAI3, and ZEB1 (Figure 3B and supplemental Tables 3, 4 , and 8). Additionally, 10 other genes not previously linked to cancer or that have uncharacterized roles in cancer had exonic, nonsynonymous mutations in .1 tumor sample (supplemental Table 8 ).
To investigate similarities between tumor MF and cultured CTCL lines at the genome level, we subjected 3 CTCL cell lines (HH, Hut-78, and MyLa) to exome sequencing. We also evaluated the Cancer Cell Line Encyclopedia (CCLE), which has sequenced a panel of ;1600 genes across cell lines, including HH and Hut-78. 36 Eight genes with exonic mutations in 2 or more cell lines that were likely to have a role in oncogenesis were identified ( Figure 3C ). Among them, 1 gene was determined to have an identical mutation observed in at least 2 of the cell lines. Six of the genes that were mutated in at least 2 of the cell lines were also reported in HH and/or Hut-78 in the CCLE ( Figure 3C ).
Given the poorly understood therapeutic success of histone deacteylase inhibition in patients with CTCL, 37 the genes involved in epigenetic regulation were of specific interest. Four of five patient tumors sequenced and all CTCL lines had mutations in genes integral to chromatin remodeling and histone modification. Mutations were identified in genes that mediate histone methylation, acetylation, ubiquitination, and chromatin remodeling ( Figure 3D ). Evaluation of the 10 genes mutated in patient tumors showed that they were significantly enriched compared with 24 349 known protein-coding genes in NCBI RefSeq (P 5 2.565 3 10
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, Fisher exact test). Notably, mutation of NCOR1, a corepressor that recruits histone deacetylases to chromatin, was present in a third of the samples (2 patients and 1 cell line).
Because Th2-skewed cytokine expression has a role in MF, 38 we assessed genes that regulate cytokine expression or cytokine signal transduction. We identified mutations within cytokine pathway genes, and specifically in the IL-2 signaling pathway, in all but 1 of the MF tumor samples ( Figure 3E ). Mutations in the IL-2R signaling proteins (JAK3 kinase and its downstream target STAT5), as well as proteins that regulate IL-2 and IL-2R expression were present. Evaluation of the 4 genes mutated in patient samples showed that they were significantly enriched compared with 24 349 known protein-coding genes in NCBI RefSeq (P 5 8.684 3 10 211 , Fisher exact test). We also identified mutations in cytokine signaling pathway genes in the HH and Hut-78 cell lines ( Figure 3E ).
SCNAs in MF
Somatic copy-number alterations (SCNAs) were assessed in each patient. We observed both broad copy-number events that span a chromosome arm or an entire chromosome and focal copy-number events that affect much smaller regions than a chromosome arm ( Figure 4A ). Broad SCNAs were observed in all patients except patient 5, with patient 1 displaying the highest number of such events. For example, the MF tumor in patient 1 had only 1 copy of chromosome 3 and 13, copy-number loss of 6q, 10p, and 21q, and copy-number gain of 7q and 16p. In patient 4, we observed copy-number loss in 6q and a large region spanning both arms of chromosome 13, and copy-number gain in 10p. Focal copy-number events were detected in all patients, with patient 5 displaying the most aberrant events. There were no arm-level copy-number changes in patient 5. Investigation of the focal SCNA events revealed all tumors had expected copy losses in T-cell receptor regions (a, b, g) that undergo VDJ rearrangement ( Figure 4B , supplemental Figure 5 ). These data suggest selection of a T-cell clone in each patient, supporting the clonal nature of this disease. It was also noted that the same 2 patients (1 and 4) with exonic mutations within ZEB1 (inhibitor of IL-2 transcription 39 ) also had loss of 1 copy of ZEB1, raising the possibility of ZEB1 loss of heterozygosity being associated with the development or progression of MF. Additionally, we identified copy-number gains of both NOTCH2 and NOTCH2NL across all 5 patients in both their normal and tumor sample, indicating these gains were germline in origin ( Figure 4C ).
TP53 genetic variation is associated with MF
A quarter of tumor-stage MF have somatic TP53 mutations, whereas TP53 mutations are less common in earlier disease. 40 Somatic TP53 mutations were not detected in any of the 5 MF tumors evaluated by WGS. Specific polymorphisms within TP53 are associated with susceptibility to malignancy, including TP53 Pro72Arg. 41 Given its potential significance in MF, 7 we also evaluated TP53 polymorphisms. In addition to the initial 5 tumor-stage patients, we also obtained banked tumor tissue from 25 patients with MF. Of the 30 MF samples, 8 (27%) were homozygous Pro/Pro, 6 (20%) were heterozygous Arg/Pro, and 16 (53%) were homozygous Arg/Arg (Table 2 ). There were 4 samples from black patients (13%) and 26 from white patients. Comparing our results to a published control white population (n 5 335), 42 there was a significant increase in the frequency of Pro/Pro in our MF patients (27% vs 6%, x 2 test, P , .001) and a similar frequency of Arg/Arg (53% vs 58%, x 2 test, P 5 .45). When comparing only our white patients (n 5 26) to the control white population, as there are ethnic differences in allele frequency, 43 we still obtained an increased frequency of Pro/Pro (19% vs 6%, x 2 test, P 5 .01). Fourteen of the 30 MF patients (47%) had at least 1 Pro allele, and the overall Pro allele frequency was increased compared with control (33% vs 24%, x 2 test, P 5 .03). These data suggest the proline residue may be contributing to susceptibility of MF.
Alteration of Notch pathway in MF
The Notch protein family consists of 4 transmembrane receptors and 5 ligands that are integral to embryogenesis and cell-fate decisions. 44, 45 Activating mutations in NOTCH2 were implicated in the development of both B-cell lymphomas and murine T-cell leukemia. [45] [46] [47] In addition to the increased copy numbers of NOTCH2 and NOTCH2NL in all patients subjected to WGS (Figure 4C ), we also identified other mutations affecting the Notch pathway. For example, we identified with targeted ultra-deep sequencing a patient with early plaquestage MF who had a NOTCH2 nonsynonymous SNV (C4699T, R1567W), which is predicted to be deleterious, and is located in the negative regulatory region between 2 previously identified gainof-function mutations found in marginal zone lymphomas. 46 Identification of JAK3-activating mutations in MF JAK3-, A572V-, and A573V-activating mutations (within the pseudokinase regulatory domain) were reported in NK-/T-cell lymphomas ( Figure 5A ). The FERM domain also harbors activating mutations (L156P, R172Q, E183G) in ATLL. 17 We identified an activating JAK3 point mutation in 1 of the 5 MF tumor samples by WGS (c.C1718T, p.A573V) with a variant allele frequency of 41.67%. Sanger sequencing validated the mutation and showed mutation of a single allele at the 1718 position ( Figure 5B) . A biopsy of a separate tumor from the same patient placed in short-term culture showed the identical JAK3 mutation ( Figure 5B ). Sanger sequencing of JAK3 in 3 CTCL cell lines revealed For personal use only. on April 3, 2017. by guest www.bloodjournal.org From the same JAK3 C1718T (A573V) activating mutation in the Hut-78 cells ( Figure 5C ). JAK3 was not mutated in HH or MyLa cells. These data suggest this JAK3 mutation may be a contributing factor to MF.
To assess the rate of JAK3 mutation in a larger MF population, we performed targeted ultra-deep sequencing on 25 MF samples, 17 of which were early stage (stage Ia-IIa). Although we did not detect overt evidence of JAK3 mutations in these samples, 5 of them had ;1% allele frequency of previously reported activating JAK3 mutations (L156P, E183G, A572V, and A573V). Given the very low frequency of these variations and limited DNA remaining, these data could not be validated 
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For personal use only. on April 3, 2017. by guest www.bloodjournal.org From by other sequencing methods. Of note, early-stage MF have a low tumor burden and are inherently heterogeneous (mixture of cell types).
CTCL cells are sensitive to a JAK3 inhibitor
A JAK3 inhibitor, tofacitinib, has recently been US Food and Drug Administration (FDA) approved for rheumatoid arthritis treatment, as it inhibits the proliferation of activated T cells. 48 Given our results demonstrating the presence of activating JAK3 mutations in MF and the Hut-78 line, we postulated tofacitinib may be useful as a therapeutic agent in MF/CTCL ( Figure 3E) . Evaluation of the JAK3/STAT5 signaling pathway in 3 CTCL lines showed increased phospho-STAT5 in Hut-78, compared with HH cells (Figure 5D ). MyLa cells had robust levels of phospho-STAT5 likely due to increased STAT5 protein levels ( Figure 5D ). Following exposure to 200 nM tofacitinib, there were significantly reduced cell numbers for all 3 CTCL lines ( Figure 5E ). Notably, treatment of the CTCL lines with increasing concentrations of tofacitinib (1-500 nM) revealed a significantly reduced half-maximal inhibitory concentration (IC 50 ) in Hut-78 compared with HH and MyLa cells (2-way analysis of variance [ANOVA], P , .001; Figure 5F ). All 3 lines had an IC 50 well below the tofacitinib concentrations achieved in humans (85-107 ng/mL) based on FDA-approved dosage. 49 There was a dramatic reduction of phospho-STAT5 in both Hut-78 and MyLa cells at tofacitinib concentrations as low as 10 nM ( Figure 5G ). Therefore, JAK3 inhibition may be therapeutically useful for treating CTCL with activating mutations in JAK3 as well as those malignancies with an overactive JAK3/STAT5 signaling pathway.
Discussion
As the pathogenesis of MF is poorly understood, and previous focused genetic studies have failed to identify mutations common to MF tumors, [7] [8] [9] we performed WGS of MF tumors. Our analysis revealed a wide breadth of mutations with overlap between tumors, and many of the mutations in shared biologic pathways. We identified mutations in known oncogenes and tumor suppressor genes as well as genes not previously linked to cancer and certainly not to MF.
Of note, we identified mutations in many genes involved in epigenetic regulation ( Figure 3D ). Of the genes mutated, 3 of them have a specific role in the methylation of H3K4, which is associated with open chromatin and active transcription. 50 MLL2 is a tumor suppressor and histone methyltransferase that helps to methylate H3K4. 51 MLL2 mutations were identified in B-cell lymphomas, and our novel mutation (C8788T, P2930S) is in a similar region as several previously identified. 52 SETD1A, a component of a histone methyltransferase complex that can mono-, di-, or trimethylate H3K4, 53 had a missense mutation in 1 MF tumor. RNF20, an E3 ubiquitin ligase that ubiquitinates histone 2B, which is a prerequisite for methylation of H3K4 54, 55 had a mutation in a coiled region in 1 tumor. Our results are interesting given the successful treatment of some MF patients with histone deacetylase inhibitors (HDACi), which have been shown to stimulate methylation of H3K4. 50 We hypothesize mutations in the genes that regulate H3K4 methylation lead to reduced methylation, closed chromatin, and reduced transcription of tumor suppressors, which can be reversed with HDACi. These will be important areas in the future on which to focus research efforts.
Specific TP53 polymorphisms are linked to many malignancies, 56 and we determined that the Pro72Arg polymorphism may be associated with MF. The proline allele is linked with improved DNA repair and cell cycle arrest, whereas the arginine allele is associated with enhanced apoptosis. 57 Within dbSNP the G nucleotide (Arg) is the minor allele, as we indicated; however, both proline and arginine alleles are reported as the minor allele, and ethnicity can influence allele variance. 43 Although a previous MF study did not find an increased frequency of Pro/Pro (n 5 24; For personal use only. on April 3, 2017. by guest www.bloodjournal.org From
European population), it demonstrated a 29% proline allele frequency in MF vs 19% in controls. 57 Within our cohort (30 patients), there was a significant increase of both the Pro/Pro genotype and the presence of at least 1 proline allele. Although this is a limited cohort, this TP53 polymorphism may be associated with susceptibility to MF, and suggest that a population-based study would be beneficial.
Notch signaling is involved in a multiple cellular processes, including embryogenesis and cell-fate decisions, including lymphocyte differentiation. 44, 45 Interestingly, NOTCH2 mutations, gain of function, copy-number gains, and loss of function have been associated with B-cell lymphomas and chronic myelomonocytic leukemia. 46, 58, 59 We demonstrated germline copy-number gain of both NOTCH2 and NOTCH2NL across all 5 MF tumors, and also identified a NOTCH2 mutation in the negative regulatory region in a separate MF case. Germline copy-number variations can predispose to familial and sporadic cancers, 60, 61 and we hypothesize that the increased expression of NOTCH2 may increase susceptibility of MF/CTCL. Activating NOTCH1 mutations frequently occur in T-cell acute lymphoblastic leukemia (T-ALL) and ATLL, 62, 63 and a previous study identified increased NOTCH1 expression in CTCL where treatment with a pan-Notch inhibitor led to CTCL cell apoptosis. 64 We propose that there may be multiple mechanisms of NOTCH pathway dysregulation in MF, and further consideration should be given to therapeutically targeting this pathway.
We also identified multiple mutations within the IL-2 cytokine pathway. ZEB1, known to inhibit transcription of IL-2, 39 was mutated in 2 MF tumors. Although increased ZEB1 is associated with epithelial to mesenchymal transition in cancers, 65 inactivating mutations were identified in ATLL. 66 Similar to a mutation in ATLL, the frameshift deletion in ZEB1 was in the N-terminal zinc finger repeats, and the SNV was in the C-terminal zinc finger repeats. Notably, these same 2 MF tumors had a loss of the other allele of ZEB1. These ZEB1 alterations are expected to lead to a lack of inhibition of IL-2 transcription, resulting in increased IL-2 production and MF tumor cell growth ( Figure 3E ). Therefore, ZEB1 mutation and loss of heterozygosity (LOH) may be an important contributor to MF.
JAK3, which participates in transducing the IL-2 proliferative signal through phosphorylation of STAT proteins ( Figure 3E ), has activating mutations in NK-/T-cell lymphoma (35%), ATLL (11%), and a single MF tumor. 14, [16] [17] [18] In the current study, we identified the same activating JAK3 mutation in an MF tumor evaluated with WGS and a CTCL line. Ultra-deep sequencing of an additional 25 MF samples revealed very low allele frequencies of known activating JAK3 mutations in 5 samples that we were unable to validate. Thus, although interesting, these data should be taken with caution. It is possible that the heterogeneous (mixture of cell types) nature of the biopsies of patch-and plaque-stage MF and the low tumor burden of these samples (;10% in patch stage) may be masking the true incidence of JAK3 mutation, but it is also possible that this frequency is within the margin of error or indicates a subpopulation. These findings highlight the difficulty of assessing tumor genetics in low tumor burden, heterogeneous samples. Regardless, an activating JAK3 mutation was verified in 1 of 12 (8.3%) MF tumor-stage samples and in 1 of 3 CTCL cell lines. These results indicate JAK3-activating mutations may be a driver of a portion of MF.
Importantly, we determined that our CTCL cell lines were sensitive to treatment with JAK3 inhibition. Hut-78, which harbored the activating JAK3 mutation, was the most sensitive to tofacitinib. Although there were no JAK3 mutations in HH or MyLa cells, they still demonstrated sensitivity to JAK3 inhibition, indicating that they are dependent on the pathway for their growth/survival. In support of this idea, MyLa cells had increased levels of STAT5 phosphorylation and JAK3 autophosphorylation, both of which were inhibited by tofacitinib. HH cells did not have phospho-STAT5 and may depend upon other downstream JAK3 substrates such as the AKT pathway. 17 Given the advent of JAK3 inhibitors and the sensitivity of CTCL lines, we believe it is important to consider treatment of MF with these FDA-approved medications. 48 An interesting finding from our WGS analysis was that there appears to be a link between UV exposure and tumor-stage MF. There was a high frequency of UV-induced DNP mutations and mutation signatures consistent with UV exposure in all 5 MF tumors, which is comparable to melanoma, a malignancy with a known UV component. Only 2 of the 5 patients had UV therapy, but the sun exposure history for all the patients is unknown. It was proposed previously that UV exposure of MF may hasten progressive disease with UV signature TP53 mutations in advanced disease. 7 It is concerning that although often effective, UV treatment of early-stage MF may create mutations leading to advanced disease, as well as increase risk of secondary skin cancer. 67 Although this is not unique to MF, as secondary malignancies are correlated with other cancer therapies, 68 our data again raise the possibility that UV exposure, including phototherapy, may contribute to MF.
Both WGS and targeted ultra-deep sequencing of specific genes are useful tools to help better detect mutations within specific genes and pathways in malignancies, as we discovered in MF. We identified genes in specific cytokine signaling pathways, cell-fate pathways, and epigenetic regulatory processes mutated in MF, Figure 5F preparation and participated in data discussions; and all authors reviewed and edited the manuscript. Conflict-of-interest disclosure: The authors declare no competing financial interests. For personal use only. on April 3, 2017. by guest www.bloodjournal.org From
